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Correlative Memory Deficits, A0 Elevation, and 
Amyloid Plaques in Transgenic Mice 

Karen Hsiao,* Paul Chapman, Steven Nllsen, Chris Eckman, 
Yasuo Harigaya, Steven Yoiinkin, Fiisheng Yang, Greg Cole 

Transgenic mice ovensxpmasing the 685-amino add isoform of human Alzheimer 
p-amyloid (Afl precursor pretein containing a Lys 670 -» Asn, Met 671 -+ Leu mutation had 
normal learning and memory in spatial reference and alternation taste at 3 months of age 
but showed Impairment by 9 to 10 months pf age. A fivefold increase in AKV4Q) and 
a 14-fold increase in A(3(1-42/43) accompanied the appearance of these behavioral, 
deficits. Numerous A3 plaques that ataihed with Congo red dye wa^p*esent in.CQftical 
and limbic structure* of mice with elevated amounts of Aft The cq^ative appearance, 
of behavioral, biochemical, and pathological abnormalities reminiscent of Alzheimer's 
disease in these transgenic mice suggests new opportunities for exploring, the patho- 
physiology and neurobiology of this disease.' - * - 



Ahheimer's disease (AD), the most com- 
mon cause of dementia in aged human*, is a 
disease of unloiown etiology. Amyloid 
plaques are routinely used for diagnosing 1 
AD in brain tissue (I), even though other 
histologic changes auch as neurofibrillary 
tangles, synaptic and neuronal bss, and jlys* 
opphic nsurites are also usually present and 
sometimes correlate better with dementis 
(2, 5). The amyloid in senile plaques 
composed of A$, a 39- to 43-amino acid 
protein derived from the larger amyloid pre- 
cursor protein (APP). Small number* of 
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classic senile plaques develop in ihe brain 
with age, but large numbers of senile 
•plaques are found almOit exclusively in pa- 
tients wich Alzheimer's type dementia. A 
diagnosis of AD is made only if both cog- 
nitive deterioration and senile plaques are 
present (4). APP isoforrru resulting from 
alternative splicing form a sec of polypep- 
tides ranging from 563 to 770 residues in 
Length- The most abundant of* these, 
APP^si I s predominantly expressed in neu- 
rons (5) and lacks a Kunici-prncease inhib- 
itor (KPI) domain present in rhe APP ? $ L 
and APP 770 isoforms. Five mutations in 
APP, all located in or near the A (3 domain, 
have been identified in families with early- 
onset AO (6-10). 

Transgenic mice (Swiss Webster X 
C57B6/DBA2) expressing three isoform* of 
mutant APP (Val' 17 Phe) with an over- 
representation of KPUcontaining isofoms 
showed Abheimer-type neuropathology, in- 
cluding abundant thioflavin S-posicive A0 
deposits, neut itie plaques, 5ynaptic loss, as- 



trocytosist and microgUosis (2i), but defi- 
cits in memofy and learning have not yet 
been reported. Transgenic mice (jU) ex- 
pressing human wild-type APP751 showed 
deficits in spatial reference snd alternation 
rub by 12 months of age (12). However, 
only 4% of aged (t>12 months) transgenic 
mice esdtibited deposits, snd these were 
rare and diffuse and did not stain with 
Congo red dye (13). Transgenic mice (FVB/ 
N) overcxpressing wild-type and variant 
human or mouse APP^ developed a cen- 
tral nervous system disorder that involved 
most of the corticolimbic regioru? of the 
brain (except the somatosensorimotor area) 
and resembled an accelerated naturally oc- 
curring senescent disorder of FVB/N mice 
(14). Parameters that Influence the pheno- 
type of transgenic mice expressing APP in- 
clude host strain, AFP primary structure, 
and extant of APP eaqpression (J4>. We 
investigated the effects of APP everexpres- 
sion in C37B6/SJL F 2 mice baeaxrossed to 
C57B6 breeders because of their greater 
longevity compared with FVB/N mice ex- 
pressing identical cransgenes. 

Human APP^ containing the 'double 
mutation Lys 670 Asn, Met 071 Leu 
(K670N.M671L; APP 7t0 numberiag), 
which was found in a large Swedish family 
with early-onset AD (10), was insetted into 
a hamster prion protein (PrP) cosmld vec- 
tor (15) in whieh the PrP open reading 
frame (ORF) was replaced with the variant 
APP ORF (see (14)1 The resulting mice, 
Tg(HuAPP695.K6?0N4467lL)2576, pro- 
duced 5-56 ± 0.33 units (mean ± SBM; 
73-day-old mice) to 5.76 ± 0.74 units (430- 
day-old mice) of transgenic brain APP ex- 
pression, where a unit of, expression is 
equivalent co the amount of endogenous 
mouse APP in nontransgenie (control) lit- 
termates (Fig. 1). Transgenic APP expres- 
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P19. i t Brain APP immunoOlot or young and oti 
Tg T mice and nontransgenie control mice with 
eilO S4}, which recognizes human but not 
mouse APP. and 22C11 (Boehringor Mannhaim), 
which neooentees both human and mouse APP. 
Lanes 1 to 3. nontransgenie mice; lanes 4 to S, 
73-day-old mica; lanes 7 and 8, 430-day-cW 
mica. Detailed methods tor APP Quantitation were 
described previously {74}: antbody cfrtfng waa 
revealed vtftn" 5 »S-tebeied pr otsti A msaaad of 1 2*1- 
labeted protein A 
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sion appeared to remain unchanged be- 
tween 2 and 14 months of age. 

Two groups of 7 to 9 mnsgene-positive 
(Tg*) mice and 10 to 11 aansgene-negative 
(TD control littermateg underwent spatial 
aheniaoon testing in a Y-rnate at 3 and 10 
months of age. Three croups of 9 to 1 3 Tg * 
mice and 10 to H.Tg" lincrmates underwent 
spatial reference learning and memory test- 
ing In rite Mom water male (J 6) ac 2, 6, and 
9 to 10 months of age. The test experience 
for each set of mice was novel, and all mice 
were tested in a coded manner. The 9- to 
i0-month-o!d mice were N.-generarion 
mice (C57B6 <x CS7B6/SJL the 2- and 
o-cionrK^ld mice were N 2 -generation mice 
(CS7B6 x C57B6 x C57B6/SJL F 2 ). A 
subset of [he >l r genemeion mice (8 pans, 
genie and 10 control mice) were retestedat 
12 to' 15 months of age. 

When oafisgenic and control mice were 
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Riven a choice of entering either*^ two . 
arms in a Y-mate, they tended to altilparie 
their choices spontaneously. Ten-msnth- 
oldtr^g^c^ivke/^ sig- 
nificantly less tendency (P < 0,03) than did 
qgc-matched control mice co alremace die 
arms on successive choices' (Fig. 2F). The 
behavior of the older transgenic mice on 
the spatial alternation task was characeeris* 
tie of animals with damage to the hip. 
pocampal formation (17). 

Nine- co 10-monch-old transgenic mice 
were also Impaired in their performance In 
the water maze relative to age-matched 
controls 028) (Fig.. 2). The p er f ormance of 
transgenic mice trained and tested at 2 or 6 
months of age was not significantly differ- 
ent from chat of age-matched control mice 
on most measures. The amount of time 
taken by the mice co reach che hidden 
platform (the escape latency) did not differ 



Fig. 2. Leonine and 
memory casts of trans- 
genic and control miee. 
Asterisks inojcat* mea- 
sures in which trans- 
genic rrvoe differed sig- 
nificantly "from contnois 
IP < 0.05). (A) The laten- 
cy to escape to the hid- 
den platform In the water 
mate is Impaired ft Tg" 
mice relatK/e to age- 
matched nontranegenic. 
controls (T3), Although 
the impairment 'increas- 
es with age, Tgt mice 
snowed a consistent 
trend toward longer es- 
cape latencies then those 
or Tgr oontrots. (B) After 
24 trials (over6 days) with 
the platform in Its fixed lo- 
cation, mice were given a 
probe trial in which they 
swam for 60 a with the 
platform removed. Two* 
and 6-month-old Tg- 
and Tg 4 " mice spent sig- 
nificantly more than 2B% 
of their time in the target 
quadrant, Indicating that 
they r^d learned its loca- 
tion. Although 9- to 10- 
month-oid control mice 
m searched selectively 
for the ptatfoim older 
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vanagenio mice spent no more time In the target quadrant than In the other three quadrants, suggesting 
th^ they had not learned the platform's location (20), <C)The imoficationa of (8) are supported by the 
observation that on probe trials. 9- to 1 0-month^old To* mice crossed wtiat had been ttia exact location 
ofthe platform signfficantfy fees frequently then did age-marched Tg- rhlce. (D) The bars on The left 
mcate that transgenic (+) rrdoe did not differ from control H mioe in the total number of platform 
locations crossed fthar js, the centers of ail four quadrants); the bars on me right show the significant 
™rer»betw^9-toiO-mon^oW 

crossings that were over trie target (E) Nine- to 1 0-monflvold Tg + mice were also Impaired In swimming 
tea visible platform, ^though escape latencies did not dWerslgnrflcanriy on the first visible-platform 
trainir^ trial, (F) Aged Tg*rr^ 

a T-maze, another behavioral task sens*** to hippooampat efcmage. 
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between 2-month -old transgenic and con- 
trol mice at any point during training, 
whereas che latency was significantly differ- 
ene on every day far 9- co 10-monch-old 
mice ( 19). Six-month-old transgenic mice 
differed from controls in escape latency 
only on the last day of training. After the 
last training day (day 6), all mice were 
given a probe trial, in which they swam in 
die pool for 60 s with the platform removed 
(20). One measure of the animals* knowl- 
edge of platform location is die percentage 
of the 60-5 swim spent In the target quad- 
rant (the quadrant that held the platform 
during training; Fig. 2B). Because the plat- 
form U placed in the center of the 'target 
quadrant during training, en additional 
measure , that has, proven especially useful 
for mice involves recording the number of 
times,, they cross the center of each quad- 
rant. The number of times each mouse 
crossed the oenter of the target: quadrant 
(platform crossings; Pig, 2C) and the per- 
centage of total quadrant center crossings 
that were in the target quadrant were bock 
significantly different (21,5 ± 5.2% for 
transgenic mice versus 36.1 ± 3.9% for 
control mice (P < 0.05), where 25% is 
performance at che level of chance] (Fig. 
2D) for 9- to 10-month-old transgenic mice 
compared with age-matched controls. 

When 12- to 15-month-old N} r gencra» 
tion transgenic mice were retested in the 
water mare (after rearranging che extramase 
cucsh they showed significantly impaired 
performance (P < 0>05) compared with 
control Itttermates on escape latencies after 
die fifth trial block and on probe trials 
given after the sixth and ninth trial blocks. 
These data suggest that the age-related 
learning impairment seen in N t -generation 
Tg* mice can occur despite further genetic 
dilution of the SJL strain. Although the 
escape latencies of the transgenic N 2 -gen- 
eration mice were significantly longer than 
chose of their control litcexmatgg, they were 
also she iter than those of naive Tg* mice of 
comparable age. Thus, deficits in escape 
latency in aged transgenic mice are unlikely 
to result from difficulty in swimming, as 
aged mice given sufficient practice can 
swim as well as younger mice. 

Because it is possible that the perfor- 
mance of older transgenic mice was attrib- 
utable co sensory or motor impairments, we 
also rested 9- to 10-monch-old mice on the 
visible-platform version of the water mase 
(Fig. 2E). Although differences in escape 
latency were evident on the second s^id 
fourth of four training days, there were no 
differences on day 1. These dam suggest 
oSat although 1 older rxansgenic mice may 
sh w generalised cognitive impairment, 
they are capable of performing as well as 
controls when both are relatively naYve. We 
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also compared motor performance of the 
transgenic and control 9-month-old mice 
by ecortng the total number of times during 
the probe trial that each, mouse 'crossed 
imaginary yLatfornis located in each of the 
four quadrants. If impaired mice mm nor- 
mally but in a random pattern during probe 
trials, they should cross (he center of all four 
quadrants combined as many times as would 
unimpaired mice; they will, simply cross the 
target platform fewer times- If* on the other 
hand, they are impaired on probe tral* 
simply because they are not swimming, 
there will be fewer total platform crossings. 
In feet, the coral' numbers of platform cross* 
ins* 6* • HntvigHiic mice (24.4 . ± 8.7, 
mean ± SEM) and control mice (29-5 ± 
1.4) were not significantly different, which 
indicated that motor impairment was not a 
1 cause of poor performance in the water 
mate (Fig. 2D). 

After-behavioral testing, a subset of each 
soup of mice was killed painlessly. One 
hemibniiri was frozen for cerebral cortical , 
measure tnemS) and the other hemibrain 
was immeniorvfeed for hiseopathological 
analyst. All brains were analysed in a coded 
fashion. Measurements of Ap(l-40) and of 
A0( Mi/43 5' were done with the use of 



either the Ban-'SO/Ba-Z?' or Ean-50/Bc-05 
eruyme-linked . immunosorbent assay 
(EL1SA) systems (22, 22). These nwasure- 
(hents showed a fivefold increase in the 
concentration of A3 (1-40) (P = 0.03, rank ' 
turn test) and a 14-fold increase in chat of 
Ap(l-42ft3) (P = 0-03, rank sum test) 
between the youngest. (2 to 6 months) and 
oldest Ul to 13 months) Tg+ mice (Table 
1), This, there was an association between 
significantly ekv&ied amounts of A|J and 
the appearance of memory and learning 
deficits in the oldest. group of transgenic 
mice. 

Classic senile plaques (with dense amy- 
loid cores) arid diffuse deposits were both 
present in alf three rniee with elevated Ap. 
as determined by EUSA. The AP deposits 
were immunorcactive with antibodies rec- 
ognising Ap(l-5> (23), Ap(l-17) (24), 
Afr(17-24) (25), Ap(34-40) (26)> A#42/ 
43) (27), and free A{S42 (28)- The same 
plaques were readily identified with multi- 
ple antibodies on adjacent sections and 
were not seen with pre immune or nonspe* 
tific ascites, and the iminunoreactivity was 
eliminated by preabsotpcion with the rele- 
vant peptides (Fig. 3). Deposits could not be 
found in the older or younger controls or in 



the younger transgenic mice' sammed The 
deposits were found in frontal, temporal, 
and ennxhinal cortex, hippocampus* pte- 
subieulum, subtculum. and cerebellum, in a 
partem similar to that reported by Games er 
j2. {II). Dense amyloid plaques were most 
frequent in cortex, subicutum, andpresubi> 
uhim. The dense amyloid deposits were 
readily detected with thioflavin S fluorcs- 
cence and typically tou,ld also be labeled 
with Congo red to give the characteristic 
apple-green birefringence of classical amy- 
loid (29). Some email deposits bad the 
"Maltese cross 41 stature pattern of the 
amyloid .cores found in AD brains. Under 
high magnification, the thioflavin S- and 
Congo red^posithre amyloid plaques usually 
exhibited wteps or fibers radiating from the 
central mass, which was often ringed by glial 
nuclei with both astrocytic and microglial 
morphology. Glial fibrillary acidic protein- 
immunoreactive astrocytes were associated 
with amyloid deposition. Staining by the 
GaUyas silver method revealed dystrophic 
neurites surrounding <Jsnse core plaque*. 

In contrast to plaques from patterns with 
sporadic 'AD, antibodies to $1 and to both 
tree Ap(42) and A0O4-4O) (which pref- 
erentially fecognt&n x-40) labeled the ma- 




Fig. 3. Buraeellutar amyloid deposits m transgenic mice A01493 (age, 368 
days) and A01463 054 days) overexpressing human APP^ with the 
K67QN,M671L mutation. (A) AG 1493, multiple plaques in the cerebral 
cortex and subicutum staining with 4G8 mAb. (B) A014S3. inset from 
H (C) A0146S, plaque in subfculum stafnfng wrth 4G8 mAb. (D) A01488, 
pfaque In eectton adjacent to <C) fails to stain witri 4G8 mAo preabsoroed 
with Ap(lA-24), (E) A01A88, plaques staining with thioflavin S. (F) 



A01488. plaque staining wtth AMD affinty-purtfW sntfaorum specifically 
recognising foa NH^-terminus of A$. (0) A01488, plaqua staining 
with Ap(42) afflntty-purltlsd antiserum specifically recognizing the OOOH- 
terminus of AP(1-42), (H) A0U86, plaque staining with a 40 affinrty- 
purified antiserum specifically recognl2irag the ,OOOH-termlnua of 
A0(1-4O). Magnifications: xioo (A), X2S0 (B). xiooo (C. o, F, and G), 
x640 and xSOO (H>. 
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Tfcbto 1 . Concentrations of A0fn ffansgenie and oonvoi mouse brains. Brain tissue was stained wfth 
.rnortcctonaj antibody (mob) 4G8 ($5). which recognizes bath mouse and human Ap. All amyloid 
depoate stained wftheElO (2^, 

A01S48, and Tg3576 founder). 2 to S plaques per section; t++, 6 to 10 plaques per satfon: 

♦+*+,->10p!aqureper8erfon;- J ^ 

macgdodfashloA ao me n o na p ec^ 

me antibody with specific peptides was obsarvad In eomo aecttorisflndicattddby 2). 
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joricy of deposit* This 'may reflect the 
APP670-67! mutations, which greatly In- 
crease cleavage at the pi sire, leading to 
large concentrations of all fragments begin- 
ning with tKe PI epitope. In contrast, the 
Val' l? Phc mutations increase the per- 
centage of *4l {2 I, 30); 

Out results demonstrate the feasibility of 
creating transgenic mice with robust behav- 
i ral and pathological features resembling 
those found in AD. Impairment in learning 
and memory became apparent in mice 9 
nonths of age and older; this impairment 
was correlated with markedly Increased 
amounts of A3 and was accompanied by 
numerous amyloid plaques and Af3 deposits. 
We have demonstrated that an AFP trans-' 
gene lacking the KPI domain is also capable 
of engendering amyloid plaques in mice. 
The increase in the concentration of A(3 
cannot he explained by a rise in transgenic 
APP eatpression, which appeared to remain 
unchanged with age. Concentration* of 
A£(l~42/43) rose more markedly than did 
thro of A£(U40). This result parallels the 
finding in human* with presenilin 1 and 
preaetdlm 2 mutations showing more signif- 
icant elevations of Ap(i-42/43) than of 
A(3(L-40) in scrvrn and cultured fibroblasts 
(31). Studios correlating individual perfor- 
mance in learning and memory tests with 

102 



concentration of Ap and extent of amyloid 
deposition may help to* ascertain the con* 
tribution of each parameter to behavioral 
deficits. Whether die learning and memory 
deficits in these mice are caused by or mere- 
ly correlate with a rise in brain AP levels 
and amyloid deposition remains unresolved. 
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